Introduction {#s1}
============

The evolution of discovery in the field of immunology has been immense, highlighting the mechanistic intricacies of the immune system and opening opportunities to develop targeted therapeutic interventions based on understanding the fundamental molecular and cellular processes that regulate the function of the immune system. Education in the field of immunology has traditionally been restricted to graduate-level studies, but has not been widely adopted at the undergraduate level. An evaluation of undergraduate majors and programs that are focused on an immunology-intensive curriculum reveals that there are only a handful of such programs across the country, whereas there has been rapid growth of undergraduate programs in the biomedical field of neuroscience over the past 30 years. The comparison between immunology and neuroscience is particularly relevant because both systems are complex, interact with every other organ system in the body and play critical physiological roles in maintaining health, while at the same time having the potential to cause significant morbidity and mortality when they function abnormally. This raises the question of how and why neuroscience education has flourished at the undergraduate level, whereas immunology education has failed to gain traction. Although it might be logical to predict that this lack of immunology-focused programs may be compensated for by an increase in the number of undergraduate microbiology programs or an increase in the number of degrees conferred in this discipline, which is often associated with immunology, this is not the case. The total number of undergraduate microbiology programs and degrees conferred by such programs has remained relatively stable over the past 30 years.

The rapid expansion of discovery in the field of immunology has increased the demand for individuals who possess an in-depth understanding of the molecular and cellular processes that regulate the normal and pathophysiological function of the immune system, and who can effectively apply this knowledge to promote the health and well-being of individuals throughout the world. Concomitantly, there has been a call for evaluation and reform in the development of biology curricula that emphasizes multidisciplinary integration and the acquisition of competencies that extend beyond discipline-specific knowledge ([@B1]). Immunology, by nature, is interdisciplinary, requiring a knowledge of cellular and molecular biology, genetics, biochemistry, physiology, and anatomy. A strong case can be made that an undergraduate immunology major would exemplify the proposed reforms outlined in the Vision and Change report ([@B1]). Importantly, the shift to an emphasis on undergraduate training and the presence of robust undergraduate immunology programs could enhance the interest in, and number of students seeking immunology-related careers. We propose that the time has come for a reevaluation of the state of undergraduate immunology education. As a step forward, we have created an interdisciplinary major in immunology that provides both a broad-based curriculum, while at the same time providing a more in-depth focus on understanding the normal and pathophysiological function of the immune system. This major is designed to expose undergraduates to critical foundational and applied concepts in immunology at an earlier point in their educational experience and to prepare students for success at the next level, regardless of whether they choose to pursue a career in the health professions or in research.

Why Immunology
--------------

Although it has been patently clear for a long time that the immune system plays a critical role in protecting individuals against infectious diseases based on centuries of research, it is now well-appreciated that the immune system can promote a wide range of debilitating diseases including autoimmunity and inflammatory syndromes that affect every organ in the body. Additionally, when misdirected, the immune system has the ability to cause significant suffering associated with allergies and asthma, which can often be life threatening. In the context of transplantation, the immune response to the transplanted organ presents a tremendous challenge from a clinical standpoint and negatively impacts the ability to provide safe and effective transplants. Thus, identifying ways to selectively block the immune response to a transplanted organ would represent a major advance in the field of transplantation that would dramatically impact the lives of over 100,000 individuals in the US who are waiting for a transplant at any given time (<https://www.organdonor.gov/statistics-stories/statistics.html>). With the increased use of immunosuppressive drug regimens associated with transplantation, autoimmunity, and cancer therapy, individuals suffer from increased risk of infection by opportunistic pathogens. This problem is accentuated by the fact that there is an ever-increasing risk from drug-resistant microbial pathogens and the emergence of new microbial pathogens in response to numerous technological, sociological and global factors. Finally, recent advances in the field of immunology clearly demonstrate the power of the immune system to fight cancer. Basic knowledge of how the immune system is regulated has led to the identification of checkpoint inhibitors that have been shown to be effective in terms of reactivating the immune system\'s ability to destroy cancer cells ([@B2]--[@B4]). Other approaches have taken advantage of the ability of immune cells to specifically identify tumor cells leading to their targeted destruction ([@B5]--[@B7]). It has only been within the last decade that researchers and clinicians have begun to understand how to harness the power of the immune system in the form of highly targeted and effective immunotherapeutic approaches designed to detect and destroy cancerous cells in the body. Thus, the immune system plays a critical role in both health and disease and there is a robust need for individuals who are focused on all aspects of the discovery and application pipeline from foundational studies to understand how the immune system works, to translation of foundational principles into novel immunotherapies and finally the application of immunotherapies in the clinical setting. Thus, one can make the argument that there is a significant need for individuals who understand how the immune system works and how that knowledge can be applied to improve health.

Although one can make the case that knowledge of how the immune system functions has a high degree of relevance to careers in the health professions, biotech/pharma and research, it remains a challenging task to obtain employment data to categorically support the need to train more individuals in the field of immunology, primarily because the vast majority of careers that are most likely to benefit from knowledge of the immune system are not specifically defined by the terms "immunology" or "immunologist." Nevertheless, one can obtain data on postgraduate education in immunology, as well as broad employment sectors in which immunology may be relevant to make the case that there is significant growth in those employment sectors that may be of interest to those individuals with training in immunology. With respect to postgraduate education, data from the National Center for Educational Statistics shows that between 2005 and 2017 there has been a modest increase in the number of MS and PhD degrees conferred by programs with an emphasis on Immunology ([Figure 1A](#F1){ref-type="fig"}). In parallel, there has been growth in the number of postgraduate programs that focus on immunology during this same time period ([Figure 1B](#F1){ref-type="fig"}). Thus, in contrast to the situation for undergraduate education in immunology, where there is little or no growth, data support the conclusion that postgraduate education in immunology is growing, albeit modestly.
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Data from the U.S. Bureau of Labor Statistics also support the conclusion that employment sectors that could be of interest to those with knowledge of the immune are also growing at an above average rate over the next 10 years. The fastest growth sector from 2018 to 2028 is Healthcare and Social Services ([@B8]). This sector includes a wide range of occupations that would benefit from knowledge and training in immunology, so this is some indication that earning a degree in immunology may be of value in terms of obtaining a career in this sector. Additionally, there are a wide range of studies and reports from the American Association of Medical Colleges that clearly indicate that the US will face a shortage of approximately 122,000 physicians by the year 2032 ([@B9]). Once again, because the immune system plays a critical role in health and disease and has relevance to a wide range of clinical specialties, this suggests that education in immunology may be valuable for those who chose to pursue a career in the health professions. The U.S. Bureau of Labor Statistics predicts that employment in Health Diagnosing and Treating Practitioners that would include an emphasis on immunology will grow by 13% between 2018 and 2028, which is faster than the national average for all career categories (5%) ([@B10]). Growth in Medical Scientist careers will similarly increase by 8% between 2018 and 2028 ([@B11]). Data for the biotechnology sector from the IBISWorld Industry Report indicates that employment will increase approximately 4.6% between 2019 and 2024, which is slightly above the rate of growth for total employment in the US for that time period ([@B12]). Although these data do not specifically identify careers that rely on knowledge and skills in immunology, it can be argued that because of the important role that the immune system plays in health and disease and the increasing emphasis on harnessing the immune system for immunotherapies, that an education, which includes a focus on immunology may be beneficial to those interested in pursuing careers in the health professions, biotech, pharma, and research.

Methods {#s2}
=======

Use of College Navigator
------------------------

Information on the number of institutions offering specific degrees and information on degrees conferred by major and institution in the 2017--2018 academic year was obtained through the National Center for Education Statistics (NCES; nces.ed.gov). College Navigator through NCES was used to identify numbers of institutions offering Bachelor of Science degrees in Neuroscience by searching "Neuroscience," "Neurobiology and Neurosciences, Other;" in Microbiology by searching "Medical Microbiology and Bacteriology," "Microbiology and Immunology," "Microbiology general," "Veterinary Microbiology and Immunobiology;" in Immunology by searching "Immunology," "Microbiological Sciences and Immunology, Other," "Microbiology and Immunology."

Use of IPEDS
------------

An analysis of the number of neuroscience, microbiology, and immunology degrees conferred over time was performed using the Integrated Postsecondary Education Data System (IPEDS) through NCES. Provisional data for all U.S. institutions were searched for "total number" of "first major," "Bachelor," "Master\'s," or "Doctor\'s" degree completions (award/degree conferred by CIP). The years 2017 and 2010 used the following degrees and CIP codes "Microbiology, General" and "Medical Microbiology and Bacteriology" (CIP codes 26.0502 and 26.0503) or "Immunology" and "Microbiology and Immunology" and "Microbiological Sciences and Immunology, Other" (CIP codes 26.0507, 26.0508, 26.0599) or "Neurobiology and Neurosciences" (CIP code 26.15). Prior degree categories and codes were slightly different from 2000 to 2009. For the 2007 data the following searches were done "Microbiology, General" and "Medical Microbiology and Bacteriology" (CIP codes 26.0502, 26.0503) or "Immunology" and "Microbiological Sciences and Immunology, other" (CIP codes 26.0507, 26.0599) or "Neuroscience" (CIP code 30.24).

Literature Searches
-------------------

Searches in the ERIC database were performed as follows for the indicated discipline.

### Immunology, Results = 12

((Immunology AND ("Undergraduate Study" OR "Undergraduate Students")) AND ("College Curriculum" OR "Curriculum Development" OR "Curriculum Design" OR "Curriculum Enrichment" OR "Curriculum Implementation" OR "Instruction" OR "Teaching Assignment^\*^" OR "Teaching Experience^\*^" OR "Language of Instruction" OR "College Instruction" OR "Instructional Development" OR "Courses" OR "Education" OR "Undergraduate Study" OR "Undergraduate Students" OR "major^\*^" OR "program^\*^")).

### Neuroscience, Results = 56

((Neurosciences AND ("Undergraduate Study" OR "Undergraduate Students")) AND ("College Curriculum" OR "Curriculum Development" OR "Curriculum Design" OR "Curriculum Enrichment" OR "Curriculum Implementation" OR "Instruction" OR "Teaching Assignment^\*^" OR "Teaching Experience^\*^" OR "Language of Instruction" OR "College Instruction" OR "Instructional Development" OR "Courses" OR "Education" OR "Undergraduate Study" OR "Undergraduate Students" OR "major^\*^" OR "program^\*^")).

### Microbiology, Results = 98

((Microbiology AND ("Undergraduate Study" OR "Undergraduate Students")) AND ("College Curriculum" OR "Curriculum Development" OR "Curriculum Design" OR "Curriculum Enrichment" OR "Curriculum Implementation" OR "Instruction" OR "Teaching Assignment^\*^" OR "Teaching Experience^\*^" OR "Language of Instruction" OR "College Instruction" OR "Instructional Development" OR "Courses" OR "Education" OR "Undergraduate Study" OR "Undergraduate Students" OR "major^\*^" OR "program^\*^")).

Searches in the PubMed database were performed as follows for the indicated discipline.

### Immunology; Results = 37

((("Students"\[Mesh\] OR Undergraduate-student^\*^\[tiab\]) AND Immunology\[tiab\])) AND (("Curriculum"\[Mesh\] OR "Competency-Based Education"\[Mesh\] OR "Education"\[Mesh\] OR "Learning"\[Mesh\] OR "Teaching"\[Mesh\] OR Training-technique^\*^\[tiab\] OR Pedagog^\*^\[tiab\] OR Teaching-method^\*^\[tiab\] OR Educational-technique^\*^\[tiab\] OR Educational-activit^\*^\[tiab\] OR Educational-method^\*^ OR Short-term-courses\[tiab\] OR Training-program^\*^\[tiab\] OR Academic-training\[tiab\] OR Workshop^\*^\[tiab\] OR major^\*^\[tiab\] OR program^\*^\[tiab\])).

### Neuroscience; Results = 130

((("Students"\[Mesh\] OR Undergraduate-student^\*^\[tiab\]) AND Neuroscience\[tiab\])) AND (("Curriculum"\[Mesh\] OR "Competency-Based Education"\[Mesh\] OR "Education"\[Mesh\] OR "Learning"\[Mesh\] OR "Teaching"\[Mesh\] OR Training-technique^\*^\[tiab\] OR Pedagog^\*^\[tiab\] OR Teaching-method^\*^\[tiab\] OR Educational-technique^\*^\[tiab\] OR Educational-activit^\*^\[tiab\] OR Educational-method^\*^ OR Short-term-courses\[tiab\] OR Training-program^\*^\[tiab\] OR Academic-training\[tiab\] OR Workshop^\*^\[tiab\] OR major^\*^\[tiab\] OR program^\*^\[tiab\])).

### Microbiology; Results = 103

((("Students"\[Mesh\] OR Undergraduate-student^\*^\[tiab\]) AND Microbiology^\*^\[tiab\])) AND (("Curriculum"\[Mesh\] OR "Competency-Based Education"\[Mesh\] OR "Education"\[Mesh\] OR "Learning"\[Mesh\] OR "Teaching"\[Mesh\] OR Training-technique^\*^\[tiab\] OR Pedagog^\*^\[tiab\] OR Teaching-method^\*^\[tiab\] OR Educational-technique^\*^\[tiab\] OR Educational-activit^\*^\[tiab\] OR Educational-method^\*^ OR Short-term-courses\[tiab\] OR Training-program^\*^\[tiab\] OR Academic-training\[tiab\] OR Workshop^\*^\[tiab\] OR major^\*^\[tiab\] OR program^\*^\[tiab\])).

Searches in the Scopus database were performed as follows for the indicated discipline.

### Immunology; Results = 28

("College Curriculum" OR Teaching OR Pedagogy OR major^\*^ OR program^\*^) AND ("Undergraduate Students") AND Immunology.

### Neurology; Results = 60

("College Curriculum" OR Teaching OR Pedagogy OR major^\*^ OR program^\*^) AND ("Undergraduate Students") AND Neuroscience.

### Microbiology; Results = 55

("College Curriculum" OR Teaching OR Pedagogy OR major^\*^ OR program^\*^) AND ("Undergraduate Students") AND Microbiology.

Results {#s3}
=======

Immunology Left Behind
----------------------

The career path decisions of students are influenced by a variety of factors ([@B13]). Chief among these factors are personal interest and academic ability, self-confidence ([@B14]) and importantly, for women or those from underrepresented groups, the availability of appropriate role models ([@B15]--[@B17]). Although conscious factors such as personal interest and academic ability contribute to student choices, learning experiences can subconsciously influence student perceptions of academic fields and subsequent career choices. Students who enter college with a strong sense of science identity, that is supported by a positive academic experience and perceived competence, tend to maintain a science identify and persist in a science career following graduation ([@B18], [@B19]). This raises the question of how and when to expose students to concepts in a given scientific field to enhance their positive perceptions of, and interest in that field. Traditionally, education in the field of immunology is not a major focus of science curricula at the high school or undergraduate college level. As a result, students are not exposed to the concepts in immunology in a meaningful way until they enter postgraduate educational programs.

In an effort to better appreciate the status of immunology education at the undergraduate level, we performed a number of comparisons to assess the number of undergraduate programs in immunology, the number of undergraduate degrees granted, and the extent to which immunology education is discussed in the literature. For these analyses, immunology was compared to two other disciplines; microbiology and neuroscience. Microbiology was chosen because historically, immunology has been associated with this discipline and in many instances, if immunology is taught, it is in the context of a microbiology undergraduate major, although curricula specific to immunology are often very limited and do not constitute a major emphasis in the vast majority of undergraduate microbiology majors. Secondly, neuroscience was chosen because from a biological and physiological perspective, neuroscience has a number of characteristics in common with immunology. The nervous system and the immune system are the only systems in the body that are comprised of a dispersed network of organs, tissues, cells, and soluble mediators that work in concert to regulate the function of that system. Moreover, both the nervous and immune systems interface with every other organ in the body, as well as each other. Thus, these systems are both highly complex entities that play a critical role in diverse aspects of health and disease. Both the nervous system and the immune system require students to understand conceptually how the system works as a whole, while at the same time appreciating the mechanistic interrelationships between the specific components that regulate the normal and pathophysiological function of the respective system. Both neuroscience and immunology have significant relevance in medicine and have the potential for significant technological and therapeutic breakthroughs that will impact the health of individuals throughout the world. For these reasons, the analyses conducted focused on comparing the status of undergraduate education in immunology to these two benchmark undergraduate majors.

Information on the number of institutions offering specific degrees was obtained through the National Center for Education Statistics (NCES; nces.ed.gov). It has been previously reported that undergraduate programs in neuroscience have grown rapidly over the past three decades ([@B20]). In 1986, only seven institutions reported having an undergraduate neuroscience program (major). This number more than tripled within a decade and tripled again by 2006 (25 institutions in 1996 and 90 institutions by 2006). Since 2006, the number of institutions offering undergraduate programs in neuroscience has continued to increase at a rapid pace, such that as of the 2017--2018 academic year, 210 institutions offered a Bachelor of Science degree in neuroscience ([Figure 2](#F2){ref-type="fig"}). In contrast, there were 106 institutions that offered a Bachelor of Science degree in Microbiology, and only 10 institutions identified as offering an "immunology-related" major during the same academic year ([Figure 2](#F2){ref-type="fig"}). The "immunology-related" majors were identified by including "Microbiological Sciences and Immunology, Other" and "Microbiology and Immunology." Using only the search term "Immunology" yielded zero results. Furthermore, searching for a Bachelor of Science using "Immunology" as a keyword in internet-based college-finder software programs such as [princetonreview.com](https://www.princetonreview.com/) and [collegeboard.com](https://www.collegeboard.com/) yielded zero results.

![Comparison of the number of institutions offering Bachelor of Science degrees in the fields of Neuroscience (210), Microbiology (106), and Immunology ([@B10]) as of the 2017--2018 academic year. Data were collected from all U.S. institutions listed in the IPEDS data center.](fimmu-10-02446-g0002){#F2}

An analysis of the number of neuroscience, microbiology, and immunology degrees conferred over time was performed using the Integrated Postsecondary Education Data System (IPEDS) through NCES. Similar to the number of neuroscience programs, the number of neuroscience degrees conferred since 2007 has rapidly increased ([Figure 3](#F3){ref-type="fig"}). In comparison, the number of microbiology degrees conferred has remained relatively constant between 2000 and 2500 annually. The first immunology degrees conferred were in 2007. The number of immunology degrees conferred since then have been drastically fewer in number than the number of microbiology or neuroscience degrees.

![The number of Bachelor of Science Degrees in Immunology (•), Microbiology (■), and Neuroscience (▲) conferred by all U.S. Institutions listed in the IPEDS data center between 2007 and 2017.](fimmu-10-02446-g0003){#F3}

Importantly, as mentioned above, a search for institutions with an "immunology major" yielded zero results. Thus, identifying "immunology-intensive" degree-granting programs, specifically, required further review of the Bachelor of Science course requirements for the 10 Microbiology and Immunology programs listed in College Navigator. This analysis revealed that the emphasis on immunology content was highly varied. Of the 10 programs identified by College Navigator in 2017, only three programs specifically offered a Bachelor of Science in Microbiology and Immunology that required three or more immunology courses to fulfill the degree requirements. In the 2017--2018 academic year, 69 degrees (B.S. in Microbiology and Immunology) between three institutions were conferred ([Figure 4](#F4){ref-type="fig"}). All other programs listed were either majors in microbiology offering a maximum of two courses in immunology, concentrations available under other degrees that offered a maximum of two courses in immunology, or programs available only for graduate studies that were likely listed in error. It should be acknowledged that these numbers are approximate, as majors may exist that are not identified in IPEDS or College Navigator, such as the Immunology and Infectious Disease Major at Pennsylvania State University (<https://vbs.psu.edu/majors/iid>). Furthermore, we cannot account for programs that may offer concentrations in immunology that are optional and not required for the major. Regardless, the data obtained demonstrate that vast differences exist in the emphasis on undergraduate training in the fields of neuroscience, microbiology, and immunology.

![The number of Bachelor of Science Degrees in Microbiology and Immunology emphasizing immunology content conferred by U.S. accredited institutions in the 2017--2018 academic year.](fimmu-10-02446-g0004){#F4}

In addition to the large offering of neuroscience and microbiology undergraduate programs, both the neuroscience and microbiology fields have education-focused journals (Journal of Undergraduate Neuroscience Education and the Journal of Microbiology and Biology Education, respectively) that support the development and dissemination of educational innovations. Furthermore, the Faculty for Undergraduate Neuroscience (FUN) held their first meeting in 1995 and created a set of guidelines for the development of undergraduate neuroscience programs, which are regularly reviewed and updated, and have served as a "blueprint" for the creation of new undergraduate majors by many institutions ([@B21]). Publications in neuroscience education have sought to identify the number and types of neuroscience programs and characteristics of the institutions offering them ([@B20]), how neuroscience is being taught at the undergraduate level ([@B22], [@B23]), and how best to assess undergraduate neuroscience programs ([@B24], [@B25]). Similarly, in an effort to support and initiate reform in undergraduate microbiology education, the American Society for Microbiology has created curriculum guidelines (<https://www.asm.org/Guideline/ASM-Curriculum-Guidelines-for-Undergraduate-Microb>) and also provides professional development resources ([@B26]). Similar efforts to promote undergraduate education in immunology at the national level are currently lacking, with perhaps the one exception being the American Association of Immunologists (AAI). AAI sponsors an Education Committee that broadly promotes immunology education, it hosts a special session at its annual meeting that focuses on immunology education, including curricular and pedagogical interventions in undergraduate, graduate, and medical education, the society has a resource page on its website (<https://www.aai.org/Education/Teaching-Resources>), and it has launched a new series "Teaching Tools" in its bi-monthly newsletter.

Finally, a literature search was performed to map the current state of undergraduate education in the fields of immunology, neuroscience, and microbiology. The databases PubMed, Scopus, and ERIC were searched using the terms, "Immunology," "Neuroscience," and "Microbiology" as these fields relate to "Undergraduate Education" and "Curriculum" ([Figure 5](#F5){ref-type="fig"}). Searches were broadened with appropriate synonyms specific to the individual databases, and reference lists for relevant articles were also searched. The purpose of this literature review was to determine the extent to which the field of undergraduate immunology education is represented in the literature and how this compares to microbiology and neuroscience. Although the results do not account for duplicate publications across databases, a total of 479 results were retrieved from the three databases. Approximately 20% of the citations retrieved focused on immunology, revealing a paucity of literature in this area compared to neuroscience and microbiology.

![Education-related publications in the fields of immunology (dark gray), microbiology (black), and neuroscience (light gray) identified following searches of the PubMed, ERIC and Scopus databases. The search was performed on July 29th, 2019 and included all publications up to that date that met the search criteria.](fimmu-10-02446-g0005){#F5}

Based on these different analyses, it is readily apparent that undergraduate immunology education lags far behind neuroscience and microbiology. Microbiology programs have existed at the undergraduate level for decades and there has been only modest growth in the number of programs or in the number of degrees conferred during the past 30 years. In contrast, undergraduate neuroscience education has experienced robust growth in the same timeframe. At present, there are only a handful of programs that focus intensively on immunology education. It is possible that this is due to a lack of infrastructure to support such programs within the immunology community in the form of faculty groups and publications focused on undergraduate immunology education. It is possible that there are simply too few faculty who are trained to teach immunology and that undergraduate institutions do not have the necessary infrastructure to create new academic programs in this field. However, the fact that both microbiology and neuroscience are taught at a large number of undergraduate institutions, many of which are not directly affiliated with a school of medicine, tend to argue against this possibility. Finally, it is possible that the lack of growth in undergraduate immunology education may be due to a lack of awareness of the general public about immunology and its role in health and disease, which means that there is a lack of demand for such programs on the part of the "consumer" (i.e., the student). However, once again, one has to question how and why there appears to be a significant demand on the part of students to participate in microbiology and neuroscience programs, but not in the case of immunology.

Discussion {#s4}
==========

A New Path Forward
------------------

As demonstrated by the information discussed above, immunology, as a discipline, has made little headway in developing undergraduate programs and educational curricula as compared to its content counterpart, microbiology and the equally complex field of neuroscience. Student training in the field has been almost solely focused at the graduate and professional school level. We and others ([@B27]), propose a change from student training focused at the graduate and professional level to the development of educational curricula and training at the undergraduate level. As the pace of discovery in immunology accelerates and as novel immunotherapeutic interventions are developed, it can be argued that there is an increasing need for individuals who are trained in immunology and who will enter the workforce at multiple points in the pipeline, including those who are engaged in research-intensive careers, those who have the skills and knowledge to translate foundational discoveries into novel therapeutic interventions and finally, those individuals who are able to harness knowledge of the immune system and associated immunotherapies in the clinical setting ([@B28]). At most undergraduate institutions, courses in immunology are limited in number and scope. Traditionally, departments/programs in biology may offer one or two courses in immunology or host-pathogen interactions. Even at institutions with microbiology or microbiology and immunology departments/programs, immunology usually consists of one or two courses that are offered, with the exception of a few notable programs. The result is that the vast majority of students are exposed to immunology at most in one or two courses. Even then, the number of students entering graduate school or professional schools who have had an immunology course is in the 25--30% range. This raises several issues, including the fact that students are not likely to be able to fully appreciate how the overall immune system works from a conceptual perspective after a single overview or survey course, much less to understand how the system is regulated on a cellular and molecular basis, how the immune system is responsible for mediating serious disease processes, or finally, how it can be harnessed to fight disease. Because there is a clear lack of emphasis on immunology education at the undergraduate level, this significantly diminishes the number of individuals who are exposed to this discipline in an in-depth manner earlier in their educational experience and this may in turn impact the number of individuals who go on to pursue immunology-related careers.

At the University of Alabama at Birmingham (UAB), we have recently developed an undergraduate immunology major, the Undergraduate Immunology Program (UIP), which offers a Bachelor of Science degree, and is jointly sponsored by the Department of Microbiology in the School of Medicine and the Department of Biology in the College of Arts and Sciences. This major was purposefully developed not only to engage undergraduate students in the field of immunology but to promote the development of the core competencies outlined in The *Vision and Change in Undergraduate Biology Education* final report ([@B1]) and articulated by the National Postdoctoral Association (<https://www.nationalpostdoc.org/page/CoreCompetencies>). In addition to learning immunology content in the core courses of this major, students will develop transferable skills, including professionalism, communication, ethics, teamwork, and leadership. Through an intensive focus on undergraduate research, which is a requirement of the major, students will also develop critical thinking, problem solving, and analytical skills.

An outline of the 4 year curriculum is provided in [Table 1](#T1){ref-type="table"}. It is important to note that the UIP provides students with the opportunity to pursue a broad curriculum that includes the humanities and social sciences as well as core requirements in the sciences, including biology, chemistry, physics, and mathematics to meet the requirements for entry into professional schools. Course requirements for the major are listed in [Table 2](#T2){ref-type="table"}. In the first year of the major, students will focus on completing the university and science core requirements while taking an introductory seminar on current topics in immunology. Freshmen are introduced to several conceptual frameworks in this course that are carried on throughout their 4 year curriculum. These include the medically-relevant concepts of how immunology relates to vaccines, emerging infectious diseases, autoimmunity, allergy, transplantation, cancer, and immunotherapy. The goal is to provide context to help students understand how and why studying the immune system is relevant to health and disease.

###### 

Undergraduate immunology program four-year curriculum.

  **First term**                                    **Second term**
  ------------------------------------------------- -----------------------------------------------
  **Freshman**                                      
  English                                           *Current Topics in Immunology (MIC 150)*
  Math                                              Science core
  Science core                                      Science core
  University core                                   University core
  Elective                                          Elective
  **Sophomore**                                     
  *Seminars in Immunology (MIC 250)*                *Introduction to the Immune System (MIC 275)*
  Science core                                      Science core
  Science core                                      Science core
  University core                                   University core
  Elective                                          
  **Junior**                                        
  *The Innate Immune System (MIC 401)*              *The Adaptive Immune System (MIC 402)*
  *Research in Immunology (MIC 398)*                *Research in Immunology (MIC 398)*
  Science core                                      Science core
  Science core                                      Science core
  University core                                   University core
  **Senior**                                        
  *Pathogen-Immune System Interactions (MIC 403)*   *Immune-mediate Diseases (MIC 404)*
  *Research in Immunology (MIC 398)*                *Research Seminar in Immunology (MIC 492)*
  Science core or Statistics                        Science core
  Science core                                      Science core
  University core                                   

###### 

Course requirements for the immunology major.

  **Requirements**                                                          **Hours**
  ------------------------------------------------------------------------- -----------
  **Biology**                                                               
  Introductory biology I                                                    4
  Introductory biology II                                                   4
  Genetics                                                                  3
  Biology of microorganisms                                                 4
  **Chemistry**                                                             
  General chemistry I/general chemistry I laboratory                        4
  General chemistry II/general chemistry II laboratory                      4
  Organic chemistry I/organic chemistry I laboratory                        4
  Organic chemistry II/organic chemistry II laboratory                      4
  Fundamentals of biochemistry                                              3
  **Physics**                                                               
  General physics I: mechanics                                              4
  General physics II: electricity & magnetism                               4
  **Mathematics**                                                           
  Calculus I                                                                4
  Introduction to statistics or biostatistics                               3
  **Immunology**                                                            
  Current topics in immunology                                              1
  Seminars in immunology                                                    1
  Introduction to the immune system                                         3
  Foundations in immunology: the innate immune system                       3
  Foundations in immunology: the adaptive immune system                     3
  Foundations in immunology: microbial pathogen-immune system interaction   3
  Foundations in immunology: immunologically-mediated diseases              3
  **Undergraduate research (minimum of 6 h are required)**                  
  Undergraduate research in immunology & host defense                       3
  Undergraduate research seminar in immunology and host defense             3
  Total hours                                                               72

The second year allows students to continue working on core science courses and in the second semester students take the first course in the immunology core series, Introduction to the Immune System (MIC 275). This is an overview course designed to introduce students to basic concepts pertaining to the innate and adaptive arms of the immune response. This course provides the foundation upon which subsequent Foundations in Immunology 400-level courses, of which there are 5, will build. MIC 401-MIC 404 are required courses, whereas MIC 400, The Microbiome in Health and Disease, is optional.

In the third year, students take MIC 401, The Innate Immune System, followed by MIC 402, The Adaptive Immune System. These courses expand on the topics that were discussed in the Introduction to the Immune System course in order to develop the students\' depth and breadth of content knowledge pertaining to the normal function of the immune system. Additionally, spanning the first three core courses (MIC 275, 401, and 402), is an embedded information literacy project. In MIC 275, students are introduced to databases, literature searches, and the concept of acquiring information from sources other than textbooks. Lectures and learning activities in MIC 401 require students to perform effective literature searches and foster the development of skills necessary for identifying and extracting relevant information and communicating information to peers. In MIC 402, students will be able to apply the skills they have developed through the completion of a presentation project. Throughout their sophomore and junior years, students in the UIP are expected to develop their written and oral communication skills through a series of individual and team-based activities. Examples of such activities include, writing articles to communicate to the lay public how immunology relates to disease (MIC 250), team-based presentations on techniques or therapies (e.g., vaccine development, flow cytometry, and monoclonal antibodies) that play a critical role in immunological research and treatment of diseases (MIC 275), team-based journal article presentations (MIC 401), and individual presentations covering "immunology in the news" topics (MIC 402).

In the fourth year, students will take the two remaining 400-level Foundations in Immunology courses; Microbial Pathogen-Immune System Interactions (MIC 403) and Immunologically-Mediated Diseases (MIC 404). In these courses, students will apply immunology concepts to understanding the interplay between microbial pathogens and the immune system as well as the importance of immune homeostasis in health and disease. These courses will reinforce the normal and pathophysiological principles pertaining to the immune system in a manner that is similar to what students might experience in medical school, thereby preparing them for the transition into that educational space. Going forward, it will be critical to incorporate additional content into the curriculum in MIC 404 that is focused on harnessing the immune system for the development of immunotherapies, as this is a rapidly growing area both in research and medicine. As mentioned above for the core courses taught in the sophomore and junior years, students will continue to be exposed to activities that reinforce their information literacy and communication skills. These educational themes will culminate in MIC 404, which is the Capstone course for the UIP, in which seniors will be expected to write a thesis and present their work orally.

Given the benefits students gain from research experience as an undergraduate ([@B29], [@B30]) and its influence on their attitude toward science and career choice ([@B31]), undergraduate research is a major component of the UIP. Students are expected to take a minimum of 6 credit hours of undergraduate research. In their sophomore year, students take the Seminars in Immunology course (MIC 250) in which they are introduced to research topics being pursued by faculty in the School of Medicine. This course is designed to reinforce many of the health-related themes that are built into the major and to encourage students to investigate research labs and meet with investigators in order to identify a lab with a suitable research project. Because this course is offered early in the sophomore year, we recognize that students may not have an in-depth appreciation of the immune system, much less concepts in research, including technical approaches. For this reason, we have modified the format of the Seminars in Immunology class recently to provide students with more opportunities to prepare for lectures from faculty. We have decreased the number of faculty lectures, and increased the number of lectures that talk about the specific areas of research that will be covered, as well as the techniques that are used. In this manner, students are given additional information to help them appreciate the stories that are presented to them by faculty. Additionally, we provide faculty with a rubric to ensure that they formulate a lecture that is primarily focused on the relevance of their research to health and disease, as opposed to being focused on technical details of the research itself.

Students in the UIP have the ability to choose from among over 100 faculty who are members of the Program in Immunology at UAB for research opportunities and are expected to join a laboratory no later than the beginning of their junior year. Starting in the fall of 2020, all freshmen in the UIP will be required to take a 1 credit hour course designed to introduce them to the principles of research. This course will be offered online and will cover the ethical conduct of research, safety training, the use of animals in research and human studies. Students will also learn what is expected of them in the research setting including, professionalism, record keeping, rigor and reproducibility, and other essential skills. Students are able to choose either undergraduate research or honors-level undergraduate research. In either case, students are encouraged to present their work at local, regional or national scientific meetings. For honors-level research, students are expected to write and defend a research thesis.

Conclusion {#s5}
==========

Based on an analysis of the number of immunology programs/majors, the number of degrees conferred by such programs, the prevalence of articles in the literature that discuss curricular or pedagogical interventions in immunology, or the infrastructure available in the form of organized faculty groups, journals or other resources to support education in immunology, education in immunology does not appear to constitute a major focus at the undergraduate level. As a result, individuals are not readily able to gain an in-depth appreciation of principles in immunology or how those principles are applied to health and disease prior to entering graduate or professional school. This in turn may negatively impact the number of individuals who pursue immunology-related careers. This reality is in stark contrast to the state of undergraduate education in neuroscience, or microbiology. This realization begs the question; is it time for the immunology community to reevaluate the state of undergraduate education in immunology and to undertake a concerted effort to develop resources and programs to expose undergraduate students to this field more broadly? Hannum et al. have called for greater communication between undergraduate, graduate, and even professional level educators who teach immunology to start a dialogue regarding best practices for developing evidence-based learning outcomes to inform efforts to teach immunology at the undergraduate level. Moreover, it has been argued that immunology is truly an interdisciplinary field that inherently benefits from the cross fertilization of ideas and techniques from other areas in STEM ([@B32], [@B33]). A case in point is the fact that all sciences are now beginning to rely more heavily on informatics approaches, and immunology is no exception ([@B33]). This raises the potential for not only creating robust educational experiences in immunology, but interfacing those experiences with other STEM fields to create a truly interdisciplinary experience that prepares students to have greater flexibility to pursue a wide range of careers. The workforce demand for students with interdisciplinary degrees and the need for more individuals specifically trained in immunology ([@B28]) make a strong case for the immunology community to initiate a unified effort to develop robust undergraduate immunology programs. To date, only a handful of programs have been created that have an in-depth emphasis on immunology as a requirement. The UIP at UAB and other programs, including those at Penn State University, the University of Miami, West Virginia University, and the University of California, Irvine are such examples. These programs, in addition to the efforts of many other educators who oversee undergraduate courses in immunology offered through biology, microbiology or other science majors, provide a foundation upon which the immunology community can begin a serious dialogue to ask whether there is a need to drastically rethink how and when we should provide educational opportunities for students to expose them in an in-depth manner to the foundational and applied concepts of immunology. It is time to examine the need for a revolution in undergraduate education in immunology.

Data Availability Statement {#s6}
===========================

Publicly available datasets were analyzed in this study. This data can be found here: <https://nces.ed.gov/>.

Author Contributions {#s7}
====================

Each individual named as an author made substantial contributions to the manuscript. LJ and HB wrote the manuscript and generated all figures. JD created and performed all literature searches. All authors approved the final version of the manuscript to be submitted.

Conflict of Interest
--------------------

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

**Funding.** Internal support was provided by the Department of Microbiology, University of Alabama at Birmingham.

[^1]: Edited by: Andrea Bottaro, Cooper Medical School of Rowan University, United States

[^2]: Reviewed by: Barbara A. Osborne, University of Massachusetts Amherst, United States; Edith Porter, California State University, Los Angeles, United States

[^3]: This article was submitted to Inflammation, a section of the journal Frontiers in Immunology
